Mendelowitz,
D. Firing properties of identified parasympathetic cardiac neurons in nucleus ambiguus. Am. J. Physiol. 271 (Heart Circ. PhysioZ. 40): H2609-H2614, 1996.-This study tests the hypothesis that identified parasympathetic cardiac neurons in the nucleus ambiguus possess pacemakerlike activity or, alternatively, that these neurons are inherently silent. To test this hypothesis and to examine the firing properties of these neurons, parasympathetic cardiac neurons were identified by the presence of a fluorescent tracer previously applied to their terminals surrounding the heart. Perforated patch-clamp electrophysiological techniques were used to study the spontaneous and depolarization-evoked firing patterns of these identified parasympathetic cardiac neurons in an in vitro brain stem slice. Parasympathetic cardiac neurons were silent. On injection of depolarizing current, however, these neurons fired with both little delay and spike frequency adaptation.
Hyperpolarizing prepulses elicited a significant delay before depolarization-evoked firing. The Ca2+-activated KS channel blocker apamin, but not charybdotoxin, increased the depolarization-activated firing frequency of these neurons and inhibited the afterhyperpolarization. In summary, parasympathetic cardiac neurons do not have pacemaker-like properties, but they do possess discharge characteristics that would enable them to closely follow excitatory synaptic activation for prolonged periods.
vagal; spike frequency adaptation; delayed excitation; apamin; charybdotoxin HEART RATE IS DOMINATED by the activity of the cardioinhibitory parasympathetic nervous system. In both conscious and anesthetized animals, there is a tonic level of parasympathetic nerve firing and little, if any, sympathetic activity at rest [humans (lS), dogs (19), cats (lo), rats (3, ZO)]. During increases in arterial pressure, the reflex-induced slowing of the heart is caused primarily, if not exclusively, by increases in parasympathetic nerve activity (3, 19). During decreases in arterial pressure, the baroreflex-induced tachycardia is caused mostly by decreases in parasympathetic activity, in addition to increases in sympathetic nerve activity (19, 20) . Abnormally low levels of parasympathetic cardiac activity have been implicated in many cardiovascular diseases including hypertension, heart failure, and sudden cardiac death (4, 24). These observations have led to recent suggestions that restoration of parasympathetic activity to normal levels could be an effective clinical target in heart diseases (23).
However, despite the physiological and clinical importance of parasympathetic cardiac activity, little is known about its initiation and control within the central nervous system. Anatomic studies using retrograde tracers, such as horseradish peroxidase or fluorescent compounds, have shown that preganglionic parasympathetic cardiac neurons are located mostly in the nucleus ambiguus (NA) (9, 12, 13, 17, 20, 22). However, recent work with viral tracers has revived a controversy regarding the presence of parasympathetic cardiac neurons in the dorsal motor nucleus of the vagus (DMNX) (21). In vivo electrophysiological, microinjection, and ablation studies have demonstrated the critical importance of the NA in generating and controlling parasympathetic cardiac activity (7, 11, 17, 20) . Studies that alter the activity of DMNX neurons have produced conflicting results, with some studies demonstrating cardiac responses on changing DMNX activity, whereas other studies demonstrate that alterations in DMNX activity produce no changes in cardiac function (5,6).
Unfortunately, intracellular, as well as extracellular, recordings of individual parasympathetic cardiac neurons in either nuclei are extremely difficult in vivo and are hampered by the need to unequivocally identify and directly examine neurons that are known to project to the heart. In vivo studies of the inherent properties of these neurons are difficult to interpret due to the complex effects of anesthesia and the indirect activation or inhibition of polysynaptic pathways. These obstacles were overcome in this study by visualizing, in an in vitro brain stem slice of the NA, parasympathetic cardiac neurons identified by the presence of a fluorescent tracer that had been previously applied to their peripheral terminals surrounding the heart. A fundamental question concerning the origin of parasympathetic cardiac activity is whether these neurons possess pacemaker-like activity and can fire spontaneously or, alternatively, whether these neurons are normally silent and depend on excitatory synaptic activity to initiate and maintain their activity. To test these hypotheses, perforated patch-clamp electrophysiological techniques were used to study the spontaneous and depolarization-evoked firing patterns of identified parasympathetic cardiac neurons.
METHODS
In rats (6-12 days old), the heart was exposed in an initial surgery with a right thoracotomy, and rhodamine (XRITC; Molecular Probes, Eugene, OR) was injected into the pericardial sac and applied to the terminals of preganglionic parasympathetic cardiac neurons located mostly in the fat pads at the base of the heart, as described in detail previously (12). The animals were then allowed to recover for 3-7 days after which they were anesthetized with methoxyflurane and killed by cervical dislocation.
Their hindbrains were removed and placed for 1 min in cold (0-2OC) buffer composed of NaCl(l40 mM>, KC1 (5 mM), CaC12 (2 mM), glucose (5 mM), and N-2-hydroxyethylpiperazine-W-2-ethanesulfonic acid (HEPES; 10 mM> and continually gassed with 100% 02. The medulla was then cut into 250~pm-thick sections using a vibratome. Slices were mounted in a perfusion chamber and submerged. The composition of the perfusate was NaCl(125 mM), KC1 (3 mM), Sustained depolarizing-current injection (100 PA) rarely elicited a single action potential and nearly always evoked repetitive firing in parasympathetic cardiac neurons after a short delay (average 14.4 t 1.0 ms, n = 12; Fig. 2, bottom) . Action potential thresholds were -44.5 5 2.6 mV, and the first action potential peak typically reached potentials 230 mV, with subsequent action potentials in the train reaching a slightly lower maximum depolarization consistently between +20 and +30 mV.
Increasing the magnitude of the depolarizing current (to 200 PA) increased both the initial and maintained firing frequencies (Fig. 2, top) . Parasympathetic cardiac neurons fired throughout the maintained current injection (1.5 s) with little, if any, spike frequency adaptation (SFA) as shown in Fig. 2 (initial firing frequency 15.2 2 1.5 Hz, final frequency 13.3 ? 1.1 Hz, n = 13, not significant). An afterhyperpolarization (AHP) to -77 ? 5.0 mV occurred at the end of the depolarization-evoked firing, with a half-width duration of 196.7 ? 21.4 ms. The magnitude of the AHP significantly increased with larger current injections and accompanying greater discharge rates, as shown in Fig. 2 (n = 13, P < 0.02).
To examine the action potential waveform isolated from the current injection, a single action potential was evoked by an extremely brief duration (0.15 ms) large injection of depolarizing current (5-8 nA) (Fig. 3, top) . In some neurons (4 of ll), a discernible broadening occurred during the action potential repolarization. This inflection in the rate of repolarization is typically called an afterdepolarization and in other neurons is thought to be due to activation of voltage-gated Ca2+ channels (25). Similar action potential waveforms were obtained during the maintained periods of depolarizinginduced firing using current injections of smaller magnitude (100 pA) (Fig. 3, bottom) .
Conditioning parasympathetic cardiac neurons with hyperpolarizing prepulses (to voltages between -90 and -120 mV for 200 ms) induced a dramatic change in the initiation of firing in these neurons. On release from the hyperpolarizing prepulse, a notch, consisting of a small depolarization followed by a return to more negative potentials, was elicited. This notch was accentuated when the hyperpolarizing prepulse was followed by a depolarizing-current injection, as shown in Fig. 4 . This transient depolarizing wave is often termed postinhibitory rebound. Hyperpolarizing prepulses also significantly increased the delay before action potential generation (delay increased from 14.4 t 1.0 to 52.8 t 13. Top: a small notch, or rebound, occurred after hyperpolarizing prepulse, which was not present when the depolarization occurred from resting membrane potentials. ms, P < 0.02, n = 13) as shown in Fig. 4 . The hyperpolarizing prepulse had no significant effect on initial firing frequency, SFA, or AHP.
To determine the role of Ca2+-activated K+ channels in these firing properties, and in particular the AHP, the specific small-conductance Ca2+-activated K+ channel antagonist apamin and the large-conductance Ca2+-activated K+ channel antagonist Cbtx were applied (concentrations of 40 and 100 nM, respectively). Apamin did not significantly alter the resting membrane potential or the delay before initiation of firing but did significantly increase the firing frequency, as illustrated in Fig. 5 (from 14.1 -+ 1.7 to 18 .2 t 1.9 Hz initially, P < 0.02, n = 9). Apamin also significantly inhibited the AHP that occurred poststimulation to 74.6 t 9.3% of control levels (P < 0.01, n = 9). Cbtx had no significant effect on the firing frequency, AHP, or any other firing properties examined in these neurons (n = 9). (from 14.1 + 1.7 to 18.2 2 1.9 Hz, P < 0.02, n = 9) with no change in resting membrane potential. Top: apamin also significantly inhibited afterhyperpolarization that occurred after sustained activity to 74.6 + 9.3% of control levels (P < 0.01). Charybdotoxin (100 nM) had no significant effect (not shown) on any neuron tested (n = 9). were silent (7,9,11,17).
In the only in vivo study in which intracellular recordings were successful (and in only 2 neurons), parasympathetic cardiac neurons were silent. In this study, which used cats, chloralose anesthesia was used (7). One possibility is that in these in vivo preparations, the anesthesia directly or indirectly suppressed the excitatory synaptic contacts that might normally be active in unanesthetized animals.
In an in vitro study of unidentified neurons from a location within the NA that contains neurons projecting to the phrenic motor nucleus, these presumptive respiratory NA neurons were also silent (S), as were vagal neurons in the DMNX in some, but not all, studies of the DMNX (14, 25). This suggests that the lack of spontaneous activity may be a common feature among vagal neurons in the NA and perhaps also neurons in the DMNX.
The second major conclusion from this work is that only a small depolarizing current (100 pA) is needed to evoke repetitive firing in parasympathetic cardiac neurons, and this activity occurs with little delay and minimal SFA during any maintained depolarizing currents. These 
